The neurodegenerative disorders Parkinson's disease (PD), Alzheimer's disease, fronto-temporal lobar degeneration, amyotrophic lateral sclerosis and related disorders all involve the neuronal accumulation of pathogenic aggregated amyloid proteins with prion-like features[@b1]. The proteins deposited in the brain in these disorders alpha synuclein (AS), Amyloid beta (AB), tau and TDP-43 are transmissible from cell to cell, from one region of the body to another and from humans to susceptible animal hosts[@b2]. However the agent or agents responsible for the initiation of the protein misfolding is unknown. Prusiner[@b3] and others have suggested that the initial event is stochastic, but the possibility that it is initiated by environment amyloids requires consideration[@b4][@b5]. The early development of constipation and anosmia and the deposition of aggregated AS in intestinal neurons up to 20 years before diagnosis in PD suggests that the initiating factor comes from the gut (including mouth, nasal passages and intestines)[@b6]. This is also suggested by the early brain pathology in PD in the dorsal motor nucleus of the vagus in the medulla, which is a region affected early in scrapie[@b7]. Furthermore, inflammatory changes are found in neurodegenerative disorders with microgliosis, astrogliosis and activation of inflammatory cytokines and lymphocytes, but without leukocyte infiltration. The factors responsible for the variable expression of this sterile inflammation are also largely unknown.

Our gut presents the greatest opportunity for exposure to foreign organisms (our microbiota). It has been known since 2002 that the bacteria and fungi make functional extracellular amyloid proteins[@b8]. Bacterial amyloid proteins are highly conserved, are involved in biofilm formation and help the bacteria with invasion, host adhesion, and resistance to destruction[@b8][@b9]. The best studied bacterial amyloid protein is curli made by *Escherichia coli* and its key element, CsgA, has been found to contain amyloidogenic peptide repeat motifs shared by yeast and human prions[@b10] and AS[@b11]. Cross--seeding, in which one amyloidogenic protein (curli, Tau, AB or AS, yeast prions, silk protein) causes another to adopt a beta-sheet structure has been documented[@b12]. There is excellent precedent for amyloid misfolding to be initiated through gut exposure (i.e., bovine spongiform encephalopathy, serum amyloid A amyloidosis[@b13]).

The role of the immune system in neurodegeneration has now been well documented in both histopathological as well as genetic studies[@b14]. It has recently been reported that circulating neutrophils contribute to AS pathology in transgenic mice[@b15]. Nevertheless, the role of immune changes in production of disease phenotypes are not well understood. Several groups have found that many older persons with AB deposits do not have dementia[@b16], which can be a result of lessened immune responses in some individuals[@b17].

It has been firmly established that commensal microbiota plays a vital role in the regulation of the immune system[@b18]. This is necessary because of the massive dose of foreign antigens present in the gut, requiring the immune system to be constantly vigilant of its contents. The first step of the immune response, the innate immune system, recognizes bacterial amyloid proteins using pathways involving TLR 2/1, NLRP3, CD14, NFkB and iNOS[@b19]. This is similar to the mechanisms involved in the immune system's recognition of AS and AB. Toll like receptor 2 is important for inflammatory processes in PD and other neurodegenerative disorders and plays an important role in enhancing AS aggregation through inhibition of autophagy[@b20]. Consequently, priming of microglia and enhancement of related immune responses to AB, AS, and other misfolded proteins produced by exposure to bacterial amyloid can thus contribute to the development of dementia[@b16].

We have hypothesized that amyloid proteins made by our commensal partners function to trigger misfolding of amyloid proteins such as AS through cross-seeding, and cause priming of the innate immune system thereby enhancing inflammatory responses to AS[@b4]. In order to evaluate this hypothesis, we exposed aged rats and transgenic nematodes expressing human AS to bacteria producing curli. Control animals were exposed to mutant bacteria lacking the operons required for curli production. We assessed AS accumulation and aggregation and inflammation using immunocytochemistry and related techniques. Our results in both rodents and nematodes illustrate the ability of bacterial amyloid to influence important aspects of neurodegenerative processes.

Results
=======

Exposure to curli-producing bacteria enhances AS aggregation in rat brain and AS deposition in gut
--------------------------------------------------------------------------------------------------

Aged Fischer 344 rats have been described to have aggregated AS in the intestinal submucosal plexus[@b21]. We used these animals to evaluate the influence of exposure to bacteria producing amyloid proteins on AS deposition and aggregation in the gut as well as in the brain. Animals were exposed weekly via the oral route using an established method for bacterial exposure[@b22]. We found that rats exposed to wild-type bacteria producing the amyloid protein curli had enhanced AS deposition in gut ganglion cells (myenteric plexus and submucosa) ([Fig. 1a](#f1){ref-type="fig"}, top panel). We also observed that rats exposed to wild-type bacteria producing curli had enhanced AS deposition in neurons in hippocampus (especially CA3) and striatum, as compared to rats exposed to mutant bacteria lacking the capacity to produce curli or to rats exposed only to vehicle ([Fig. 1a](#f1){ref-type="fig"}). Deposits in neurons in the brain were proteinase K resistant, indicating the presence of aggregated AS ([Fig. 2B,C](#f2){ref-type="fig"}). Quantitation showed that rats exposed to curli-producing bacteria had more AS deposition in the gut than the other 2 groups with an odds ratio of 2.5 (95% CI 4.4--239) demonstrating that exposed animals had a higher probability of having higher gut scores than unexposed animals (lower panel, [Fig. 1a](#f1){ref-type="fig"} and [Supplementary Figure 4](#S1){ref-type="supplementary-material"}). Alpha-synuclein aggregation was not related to length of exposure (2 or 3 months). AS deposits in the gut were proteinase K sensitive, suggesting the absence of AS aggregation in the gut.

Exposure to curli-producing bacteria enhances immune responses in rat brain
---------------------------------------------------------------------------

AS as well as the bacterial amyloid protein curli are recognized by the innate immune system with involvement of similar pathways (TLR2, CD14, NFkB, iNOS). We hypothesized that exposure to bacterial amyloid would cause priming of immune cells to create enhanced immune responses in the brain of exposed animals. Therefore we assessed markers of neuroinflammation, including microgliosis, astrogliosis and the pro-inflammatory cytokines interleukin-6 (IL-6), interleukin-1 (IL-1) tissue necrosis factor (TNF) and TLR2. We observed that microgliosis (Iba-1, allograft inflammatory factor, [Fig. 1b](#f1){ref-type="fig"}), as well as astrogliosis (GFAP, glial fibrillary acidic protein, [Fig. 2A](#f2){ref-type="fig"}) in the striatum, hippocampus and neocortex was significantly higher in animals exposed to curli-producing bacteria as compared to the two control groups. Interleukin-6 (IL-6) expression was also higher in the hippocampus, stratum and substantia nigra of the animals exposed to curli than in the control groups ([Fig. 2D](#f2){ref-type="fig"}). Toll like receptor 2 (TLR2) expression was also higher in the hippocampus and striatum in animals exposed to curli-producing bacteria as compared to the other 2 groups ([Fig. 2F](#f2){ref-type="fig"}) and TNF expression was higher in striatum and substantia nigra of animals exposed to curli-producing bacteria than that in the other 2 groups ([Fig. 2G](#f2){ref-type="fig"}). There were no significant differences in interleukin 1 expression ([Fig. 2E](#f2){ref-type="fig"}). The results were not related to length of exposure.

The phenotypes observed in curli-exposed rats were not related to illness, aging or cellular immune responses
-------------------------------------------------------------------------------------------------------------

In order to evaluate the possibility that the effects of exposure noted above were caused by illness induced by the bacteria we examined the relationship of the findings to body weight, evidence of inflammatory infiltrates, and survival. There were no significant differences among the 3 groups in terms of survival, body weight or cellular inflammation in oral tissues, kidneys, eyes, brain or gut (data not shown). We examined the retina in 12 eyes (4 eyes from each group) using standard histology and immunohistochemistry, as the eyes are located in proximity to oral tissues. The stratification of the retinal layers appeared similar across all eyes and groups. Frozen retinal sections (20 μm thickness) immunolabeled with GFAP (labeling astrocytes and activated Müller cells) and vimentin (labeling Müller cells) were similar across all eyes and groups (see [Supplementary data](#S1){ref-type="supplementary-material"}).

Serum cytokines and TLR-2
-------------------------

Because of our interest in systemic immune responses we evaluated serum levels of several cytokines and related molecules. Serum levels of IL-1β, IL-6, IL-10, and TNF-α were below detection levels. Serum INF-γ was detectable but there was no difference among three groups. Serum TLR2 levels were trending higher in the rats exposed to curli than the other two groups but the differences did not reach statistical significance ([Supplementary Figure 3](#S1){ref-type="supplementary-material"}). These data do not allow us to make conclusions concerning the presence of systemic immune responses to the exposures.

AS-expressing *C*. *elegans* fed with curli-producing bacteria displayed increased AS aggregates
------------------------------------------------------------------------------------------------

In order to evaluate the influence of bacterial amyloid on AS aggregation in another organism we exposed AS expressing *C*. *elegans* to wild-type *E coli* expressing curli and mutant *E*. *coli* lacking the ability to synthesize curli. The nematode *C*. *elegans* naturally feeds on *E*. *coli*, and protein aggregation can be studied *in vivo* thus representing an attractive model organism to study how bacterial exposures influences AS aggregation. We utilized a transgenic (Tg) *C*. *elegans* line expressing human AS fused with YFP (AS-YFP) in body wall muscle, allowing for visualization of aggregated AS-YFP in live animals using fluorescence microscopy[@b23]. As shown in [Fig. 3a,b](#f3){ref-type="fig"} AS-expressing *C*. *elegans* fed with curli-producing *E*. *coli* displayed increased AS deposits compared to those fed with the mutant *E*. *coli* lacking curli production. The Congo red stained deposits coincide with those of AS-YFP, confirming that AS-YFP forms amyloidogenic aggregates recognized by Congo red ([Fig. 3c](#f3){ref-type="fig"}). AS-aggregates accumulated in the head first and moved to the tail during adulthood. We also stained live worms with the cytosolic oxidative stress marker CellRox Red, but no difference was seen between worms exposed or not exposed to curli-producing bacteria. This suggests that enhanced AS aggregation was not due to increased oxidative stress in the cytosol. We also tested a mitochondrial oxidative stress marker MitoSox Red, but detected only weak staining in both groups. Swimming tests were also performed to evaluate locomotive activity and showed a trend toward decreased thrashing rate (\~15--20%) in worms exposed to wild-type curli-producing *E*. *coli* vs. mutant *E*. *coli* lacking curli, which did not reach statistical difference (data not shown).

Discussion
==========

We have shown that exposure to bacteria producing a functional extracellular amyloid protein enhances aggregation of AS in brain neurons in aged rats and in muscle cells in nematodes. In gut neurons the exposure increased levels of AS in the submucosa. The mechanism of these effects may involve upregulation of protein expression, which is well known to enhance aggregation. These effects can also have resulted from cross-seeding, which has been reported between bacterial amyloids, including curli, and mammalian proteins[@b24]. Lee and coworkers have demonstrated that AS aggregates seed aggregation of tau[@b25]. PrP^Sc^ has been reported to seed AB aggregation and curli seeds aggregation of serum amyloid A[@b12]. However, there have been no studies on how cross-seeding by exogenous bacterial amyloid affect the propagation and aggregation of endogenous amyloid proteins in living animals.

Our finding of enhanced AS deposition without aggregation in the gut but with aggregation in the brain is of interest. Perhaps the period of exposure was too short to allow for polymerization of AS in gut neurons. It can also be that the biophysical factors involved in induction of AS aggregation and the relationship between AS expression and aggregation are different in the gut and brain (due to pH and other factors). As the bacteria were delivered orally the pathway for induction of changes in the brain can involve the autonomic nervous system, particularly the vagus and other nerves. This is the route which is believed to be responsible, at least in part, for transmission of bovine spongiform encephalopathy and related prionoses[@b7]. Recent studies have also suggested the involvement of the vagus nerve in PD[@b26]. Brain alterations can also have been induced through oral tissues and their rich innervation as well as via a hematogenous route.

*C*. *elegans* is a genetically tractable organism for elucidating the critical events mediating interactions between bacterial amyloid proteins and AS in intestinal tissues and potential propagation of AS aggregates to neurons[@b27]. The finding that AS aggregation in worms is enhanced by exposure to curli expressing bacteria can also involve a cross-seeding mechanism. Since nematodes naturally take up microorganisms as food, they allow for mechanistic studies of cross-seeding by different microbial amyloid proteins expressed by distinct strains during feeding and throughout their lifespan.

Our findings of microgliosis, astrogliosis and enhanced expression of IL-6, TLR2 and TNF in the brain following curli exposure suggest the occurrence of an enhanced local sterile inflammatory response to AS in the brain. These findings do not appear to be caused by T cell activation by bacterial amyloid, as cellular infiltrates were not found in the brain or other tissues. Activation of the immune system in both AD and PD have now been extensively established[@b28]. The importance of the immune system in AD was first proposed by Braak and colleagues[@b6], and has been recently supported by the association of immune system genes involved in neurodegeneration (for recent review see Colonna and Wang[@b14]). It has been shown that impaired microglial proliferation slows AD in Tg mice[@b29]. Bacterial amyloid is recognized as a pathogen associated molecular pattern (PAMP) with messengers including TLR2/1, CD14, NFkB and iNOS[@b19]. These messengers of the innate immune system are also involved in its recognition of AS, AB and also curli. Recently it has been shown that TLR2 inhibition prevents AS aggregation through activation of autophagy[@b20], suggesting that TLR2 activation through exposure to bacterial amyloid is pathogenic. Microglial TLR2 activation has also been reported to increase cellular uptake of AB and is involved in AB stimulated microglial activation[@b30]. The co-receptor molecule CD14 has also been linked to oxidative damage and dendritic degeneration following innate immune system activation[@b31].

Priming of immune cells to respond to these bacterial or other amyloids in the gut may cause enhanced responses to neuronal amyloids in the brain. Gallo *et al*.[@b32] have recently observed that bacterial amyloid binds to bacterial and eukaryotic DNA and causes amyloid polymerization, as well as enhancement of autoimmunity. The intensity of the immune system's response to cerebral amyloid deposition is important in determining the development of dementia in AD and PD, as many older persons have been shown to have significant AB pathology without dementia and without microglial activation[@b17].

The precise role of protein aggregation and inflammation in neurodegeneration remains unclear[@b33]. Aggregation of AS and production of toxic oligomers are pathogenic, but intracellular AS aggregation into fibrils can be protective[@b34]. Furthermore, it has been shown in studies of the molecular machinery for the production of curli, that the same protein accelerated the aggregation of one protein and inhibited the amyloid formation of another[@b35]. There is also evidence that an active immune response is neuroprotective, as suggested by the work on immunotherapy for AD. Immune responses participate in clearance of AB plaques and improved cognition in animal studies[@b36] and microglia produce a barrier reducing the toxic effects of AB on neurotic dystrophy[@b37]. It has been proposed that the association of AD and PD with age is related to senescence of the immune system and lowered immune responses[@b38]. Thus it is conceivable that bacterial amyloids induce either a pathogenic or salutogenic effect of neurodegenerative processes in the brain[@b39][@b40]. Our study did not include behavioral measures and thus the effect of exposure to bacterial amyloid on the neurodegenerative phenotype resulting from the enhanced AS aggregation and immune response remains to be determined.

There is now a vast literature documenting the influence of the microbiota on metabolism, immunity, cancer, diabetes, obesity, intestinal diseases, heart disease and other conditions. Bacteria, fungi and other organisms comprising our microbiota make functional amyloid proteins. Biofilms are found in the body and up to 40% of bacterial biofilms have amyloids[@b9]. Evidence for a role for fungi in AD has recently been proposed, but the possible role for fungal amyloids has not yet been considered[@b41]. Although it is now documented that many bacteria that make amyloid proteins are components of our microbiota, the presence of these proteins in the body has not been comprehensively evaluated[@b32]. Although *E coli* is not a major component of our microbiota there are several other species that make amyloid proteins that are important commensal partners, including *Streptococcus mutans*, *Staphlococcus aureus*, *Salmonella enterica*, *Mycobacterium tuberculosis* and others[@b8][@b42]. Gene homologs encoding curli were recently determined also in four phyla: *Bacteroidetes*, *Proteobacteria*, *Firmicutes*, *and Thermodesulfobacteria*[@b8]. It is tempting to speculate that the various amyloids to which we are exposed influence misfolding of endogenous proteins with strain specificity, as has been reported for AS, AB and related proteins. That is, certain bacterial amyloids are particularly important for inducing aggregation of certain strains of a neurodegenerative disease protein, and this is reflected in distinct disease phenotypes[@b43][@b44].

Our work suggests that protein misfolding and immune activation in neurodegenerative disorders are triggered through cross-seeding by exposure to exogenous microbial amyloids in the nose, mouth and gut. We need to elucidate the molecular mechanisms responsible for the observed effects of exposure to bacterial amyloid. Cross-seeding of amyloidogenic proteins by bacterial amyloids has been documented in both *in vivo*[@b12] and *in vitro*[@b24] (e.g, curli can cause cross-seeding of serum amyloid A[@b12]). We provide evidence for our proposed mechanism for the induction of neuroinflammation in the brain: the innate immune system utilizes TLR2 to recognize bacterial amyloid[@b45], and we demonstrate upregulation of TLR2 in the striatum and hippocampus of animals exposed to bacteria producing curli ([Fig. 2F](#f2){ref-type="fig"}). The scope of our study did not include the influence of enhanced AS aggregation on the function of the animals or the impact of bacterial amyloid on oxidative toxicity. The pathway by which oral and intestinal bacterial amyloid influence brain processes also remains to be documented. We also do not know which of the many bacterial amyloids are of particular importance. A metaproteomic analysis of the amyloid proteins present in the mouth and intestines has not been accomplished and will be of great interest[@b46].

Two recent studies have also provided evidence for the potential role of intestinal bacteria in neurodegeneration. Minter and colleagues have shown that changes in the gut microbiota induced by antibiotics alter neuroinflammation and amyloid deposition in a mouse model of AD[@b47]. Harach *et al*. have observed that germ-free AD model mice have reduced AB pathology in the brain, compared to conventionally raised animals[@b48]. The possible contribution of bacterial amyloid to these findings has not been evaluated.

This is one of the first studies that evaluates the influence of bacterial amyloid on disease processes in living animals[@b40]. Our data suggest that amyloid proteins in the microbiota are involved in the origination and maintenance of neurodegenerative disease. Further studies on the influence of our partner organisms on the brain are certainly indicated. If the results are supported by further analysis and experimentation there are a broad range of preventive and therapeutic measures that will be of value.

Experimental Procedures
-----------------------

### Antibodies and chemicals

The protease and phosphatase inhibitor cocktails and Congo red were purchased from Sigma-Aldrich (St Louis, MO). Hypoestoxide was obtained from Immune Modulation, Inc. (Bloomington, CA). The following antibodies were used: α-synuclein (Syn-1; BD Bioscience, San Diego, CA); TNFα, glial fibrillary acidic protein (GFAP) (GA5), TH, and NeuN (Millipore, County Cork, Ireland); β-actin (Sigma-Aldrich, St Louis, MO); NF-κB p65 and phospho-NF-κB p65 (Cell Signaling, Beverly, MA); IL-1β and IL6 (Abcam, Cambridge, MA); α-synuclein (CT, Syn105) \[18\]; α-synuclein (syn211) (Life Technologies, Grand Island, NY); and Iba-1 (Wako, Richmond, VA).

Animals
-------

Aged male Fischer 344 rats were obtained from the National Institute of Aging, NIH (M. Murthy). These rats were chosen because it has been described that their neurons in the gut develop deposits of AS with age, thus mimicking PD[@b21]. At the time of euthanasia via CO~2~ asphyxiation the rats were 22.5--25 months of age. All animal procedures were approved by the Institutional Animal Care and Use Committee of the University of Louisville (Protocol 12022) and were also in compliance with United States Public Health Service standards and National Institutes of Health guidelines. The University of Louisville Animal Care Facility is accredited by AAALAC International.

Bacteria preparation and exposure
---------------------------------

A wild-type *E*. *coli* strain LSR12 and the isogenic mutant lacking both curli operons (strain C600 with deletion of the curli operons) were obtained through the generosity of M. Chapman, University of Michigan. The identity of strains has been verified using PCR with oligonucleotides priming at individual curli genes and spanning the entire curli region (oligonucleotide sequences are available upon request). We also confirmed by Congo red (CR) staining that the wild-type strain is CR-positive while curli mutant is CR-negative (data not shown). The bacteria were otherwise identical. *E*. *coli* was grown in YESCA medium (1g/l Yeast Extract, 10g/l casamimo acids) at 37 °C. TSBYE which consists of 30 grams per liter trypticase soy broth (Difco) supplemented with 2% (w/v) yeast extract, 1 mg/ml hemin (final concentration), and 5 mg/ml menadione (final concentration) (10% CO~2~, 10% H~2~, and 80% N~2~) at 37 °C for 48 hours.

Oral exposure of rats was performed essentially as previously described by Baker *et al*.[@b49]. A total of 11--13 rats per group were used per experiment. Animals were initially treated with sulfamethoxazole (MP Biomedical, Solon, OH) at a final concentration of 800 mg/ml and trimethoprim (Sigma, St. Louis, MO) at a final concentration of 400 mg/ml *ad libitum* for 10 days. Four days after the last antibiotic treatment, the rats were infected orally with bacteria (10^9^ cfu) suspended in 1ml 2% carboxymethylcellulsoe (CMP; MP Biomedicsal, Solon, Oh) in sterile PBS using a 2.25 feeding needle (Popper and Sons, Inc. New Hyde Park NY). Animals were inoculated orally every week for 2 months (N = 19) or 3 months (N = 14). Animals were studied in 3 groups: Vehicle only (N = 13); exposure to wild type bacteria (curli-producing) (N = 11); and exposure to mutant bacteria (lacking curli operon) (N = 9). The vehicle control group was treated with CMC without bacteria. Rats were weighed several times each month. At the end of 2--3 months rats were sacrificed and various organs and blood were collected and banked.

Serum cytokine analyses
-----------------------

Blood was collected from the hearts of the aged rats treated with or without curli-producing *E*. *coli*, and control rats without any treatments (N = 7--8 per group). The blood samples were centrifuged at 4 °C (1,000 × g) for 30 min to extract the serum. The sera were stored in aliquots at −80 °C until use. ELISAs were performed according to the manufacturer's protocol. Serums IL-1β, IL-6, IL-10, INF-γ, and TNF-α were measured by R&D Systems Quantikine ELISA kits and serum TLR-2 was determined by an ELISA kit from Antibodies-Online (Atlanta, Georgia). Data were expressed as optical density (O.D.) value at 450 nm with double wells per sample and the wavelength correction was set at 570 nm. A standard curve was created for each tested cytokine at each time to determine the concentration of the target cytokine concentration in each sample. The concentration of the positive control sample was within the linear range of the standard curve. Results presented as means ± SE, and statistical analysis was done using GraphPad Prism software. One-way analysis of variance (ANOVA) with Turkey post-hoc test was used for multiple comparisons among groups. p \< 0.05 was considered statistically significant. Positive controls were tested to confirm the function of the assays.

Immunocytochemistry
-------------------

The neuropathological studies were carried out on blinded specimens. The procedures for immunohistochemical, immunofluorescence, and neuropathological analysis have been described elsewhere[@b50]. Briefly, the right hemibrains were post-fixed in phosphate-buffered 4% paraformaldehyde at 4 °C for neuropathological analysis, blind-coded sagittal brain sections were incubated with primary antibodies at 4 °C for overnight following serial sectioning in the sagittal plane at 40 μm with a Vibratome 2000 (Leica, Deerfield, IL) for neuropathological and immunocytochemical studies. The next day, sections were incubated with either biotinylated- or FITC-conjugated secondary antibodies and detected with avidin D-HRP HRP (ABC elite, Vector Laboratories, Burlingame, CA) and with Tyramide Signal Amplification Direct system (PerkinElmer, Waltham, MA), respectively. Analysis of AS accumulation was performed using free-floating, blind-coded sections[@b51]. To determine the neuroinflammation, neurodegeneration, accumulation of α-synuclein, and NF-κB activation, we stained brain sections with Iba-1, GFAP, TNFα, IL- 1β, IL6, human α-synuclein, NF-κB, and phosphorylated NF-κB antibodies, respectively. Sections were imaged by Olympus BX41 microscope. All immunoreactivity levels were determined by optical density analysis using Image Quant 1.43 program (NIH) except the immunoreactivity of Iba-1. The cell numbers of Iba-1-positive cells were determined per field (230 μmÅ \~ 184 μm) of each animal based on cell body recognition using Image Quant 1.43 program (NIH). Immunohistochemistry was performed with antibody against full length AS, before and after proteinase K exposure. Sections were incubated overnight at 4 °C with antibodies against total a-syn (1:500, affinity purified rabbit polyclonal, Millipore)[@b50], GFAP (mouse monoclonal, Millipore), Iba-1 (mouse monoclonal, Wako laboratories), IL6 (mouse monoclonal Cell Signaling), TLR2 (mouse monoclonal Millipore), TNFa (mouse monoclonal Cell Signaling), IL1beta (mouse monoclonal Abcam) followed by biotin-tagged anti-rabbit or anti-mouse IgG1 (1:100, Vector Laboratories, Inc., Burlingame, CA) secondary antibodies, Avidin D-HRP (1:200, ABC Elite, Vector), and visualized with diaminobenzidine. Sections were scanned with a digital Olympus bright field digital microscope (BX41).

Caenorhabditis elegans studies
------------------------------

Standard conditions were used for *C*. *elegans* propagation on NGM (nematode growth medium) plates seeded with *E*. *coli* OP50-1 at 20 °C. Transgenic (Tg) *C*. *elegans* line expressing human AS fused with YFP (AS-YFP) (strain NL5901, Punc-54::AS::YFP) in body wall muscle[@b23] was obtained from the Caenorhabditis Genetics Center (CGC). The use of these animals allowed for visualization of aggregated AS-YFP in live animals using fluorescence microscopy. Tg AS-YFP nematodes were age-synchronized by hypochlorite bleaching, hatched overnight and were subsequently cultured on NGM plates seeded with *E*. *coli* OP50-1 until larval stage L4 (adult day 0). They were then fed for three days solely on fresh NGM plates seeded with either curli-producing *E*. *coli* or mutant *E*. *coli* unable to produce curli (non-curli mutant). Fluorescence microscopy was performed on immobilized live animals to visualize AS-YFP using an eVOS microscope (Life Technologies) and imaging was acquired under identical conditions for nematodes fed with either wild-type or mutant bacteria. The experiments were repeated three times, each with 10 worms for each treatment group. As characterized previously[@b23], AS aggregates are recognized as fluorescent foci of inclusions containing AS-YFP within muscle cells in this *C*. *elegans* model.

Congo red staining of worms was performed using the procedures modified from that described previously[@b52]. Worms were fixed by incubation in 4% paraformaldehyde in Dulbecco's phosphate buffered saline for 15 h at 4 °C, and were permealized at 37 °C for 15 h in a solution of 1% Triton X-100, 5% beta-mercaptoethanol, 125 mM Tris-HCl, pH 7.5. Worms were then mounted on glass slide and stained with 0.5 mg/ml Congo red in 50% ethanol for 1 min. Destaining was immediately carried out using several rinses of 50% ethanol until solution became colorless, and then one rinse each with 75% ethanol, 50% ethanol, and water. A drop of Fluoromount was applied and stained worms were visualized for red fluorescence using a Leica fluorescence microscope.

Statistical analysis
--------------------

GraphPad Prism (GraphPad Software, San Diego, CA) was used for statistical analysis. All data are presented as means ± s.e.m and were analyzed for statistical significance by using either unpaired t test or two-way ANOVA (general linear model) followed by Bonferroni's multiple comparison post-test. Ordinal logistic regression was used to compare the OR for gut AS deposition[@b53]. The statistical software package R was also used. One-way ANOVA poshoc Dunnet p \< 0.05 was used when comparing to control.
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![Rats exposed to bacteria expressing curli have enhanced AS deposition in hippocampus, striatum and gut neurons and increased growth of microglia.\
(**a**) Alpha-synuclein (Syn-1) immunohistochemical staining in gut, striatum and hippocampus. Gut neurons containing AS deposits are indicated with arrows, and hippocampal neurons containing AS are indicated with arrowheads. Data are for animals exposed to mutant bacteria unable to produce curli (Mut Curli *E*. *coli*), curli-producing wild type bacteria (Curli *E*. *coli*) and Control (exposed only to vehicle). For the striatum and hippocampus images the bars are 20 μm. For the bowel images the upper bar for the upper row of three bowel images is 250 μm and the lower bar for the lower row of three bowel images is 150 μm (higher magnification). Right panels represent quantification of the staining. \*p \< 0.05 when compared to control. (**b**) Iba1 (allograft inflammatory factor) staining of neocortex, hippocampus and striatum. The upper bar is 250 μm and the lower bars are 20 μm. The top images are lower magnification and the bottom three panels are higher magnification. \*p \< 0.05 when compared to control.](srep34477-f1){#f1}

![Rats exposed to bacteria expressing curli have increased astroglial growth, enhanced deposition of aggregated AS, and increased expression in brain of IL6, TLR2 and TNF.\
Immunohistochemical staining in neocortex, hippocampus, striatum and substantia nigra. Right panels represent quantification of the staining. Data are for animals exposed to bacteria unable to produce curli (Mut Curli *E*. *coli*), curli producing wild type bacteria (Curli *E coli)* and Control (exposed only to vehicle). Right panels represent quantification of the staining (**A**) Glial fibrillary acidic protein (GFAP) staining of neocortex, hippocampus (CA3) striatum and substantia nigra. \*p \< 0.05. (**B**) Alpha synuclein (α-syn) staining, without proteinase K treatment. \*p \< 0.05. (C) Alpha synuclein (α-syn) staining following proteinase K treatment (PK+). Arrows represent deposits of proteinase K resistant AS in neurons. \*p \< 0.05. (**D**) Interleukin 6 (IL6) staining in neocortex, hippocampus (CA3) striatum and Substantia nigra. \*p \< 0.05. (**E**) Interleukin1 (IL1) staining in neocortex, hippocampus (CA3) striatum and Substantia nigra. (**F**) Toll like receptor 2 (TLR2) staining in neocortex, hippocampus (CA3) striatum and Substantia nigra. \*p \< 0.05. (**G**) Tissue necrosis factor (TNF) staining in neocortex, hippocampus (CA3) striatum and Substantia nigra. \*p \< 0.05. For images (**A**--**G**) the bars are 20 um.](srep34477-f2){#f2}

![*C*. *elegans* exposed to *E*. *coli* expressing curli has enhanced AS aggregation.\
(**a**) Fluorescence microscopy of the anterior region of *C*. *elegans* expressing AS-YFP in the body wall muscle. Transgenic nematodes (Punc-54::AS::YFP) were age-synchronized and were fed for three days on lawns of either curli-producing *E*. *coli* or its mutant strain unable to express curli (non-curli mutant). Fluorescence microscopy was performed on immobilized live nematodes and imaging was acquired under identical conditions for the nematode groups fed with different bacterial strains. *C*. *elegans* exposed to curli expressing bacteria (Curli) contained increased numbers of larger and brighter foci of AS-YFP as compared to those exposed to non-curli expressing mutant bacteria (Mutant). Scale bar = 100 μm. (**b**) Quantitative analysis of AS-YFP foci. The number of YFP foci in the head region (from the base of the second pharyngeal bulb to the nose) of *C*. *elegans* was plotted for a group of 15 animals each exposed to either *curli*-producing *E*. *coli* (Curli) or its corresponding mutant (Mutant). The horizontal lines represent the average number of AS-YFP foci. *p* \< 0.01, unpaired t test. (**c**) Congo red staining of *C*. *elegans* expressing AS-YFP exposed to curli-producing *E*. *coli*. Congo red stained deposits (arrowheads) in the head region of *C*. *elegans* expressing AS-YFP in the body wall muscles colocalized with AS-YFP aggregates. Scale bar = 100 μm.](srep34477-f3){#f3}
